Epidemiological studies demonstrate that a lower blood pressure and decline in blood pressure over months or years are associated with higher mortality in dialysis patients. In contrast, randomized controlled trials lack power to establish benefits of antihypertensive therapy. Patients on long-term dialysis participating in randomized controlled trials and receiving antihypertensive drug therapy were the subject of this meta-analysis. Outcomes assessed were the hazard ratio of cardiovascular events and all-cause mortality in treated group compared to controls. Among 1202 patients we identified in 5 studies, the overall benefit of antihypertensive therapy compared to control or placebo group had a combined hazard ratio for cardiovascular events of 0.69 (95% CI 0.56 to 0.84) using a fixed effects model and 0.62 (95% CI 0.44 to 0.88) using a random effects model. In a sensitivity analysis we found that the hypertensive group had a pooled hazard ratio of 0.49 (95% CI 0.35 to 0.67), but when normotensives were included in the trial lesser cardiovascular protection was seen (pooled hazard ratio of 0.86 (95% CI 0.67 to 1.12)). Test for herterogenity between hypertensive and "normotensive-included" groups was significant (p<0.006). Similar results were seen for risk ratio for death and cardiovascular events. There was evidence of publication bias based on Egger's test and funnel plot. Randomized trials suggest benefit of antihypertensive therapy among hemodialysis patients. Adequately powered randomized trials are required to confirm these observations especially among those with hypertension.
Introduction
Hypertension is the third most important cause of global burden of disease in the general population. It trails only childhood and maternal underweight and unsafe sex to account for 64 million disability adjusted life years and 4.4% of the global disease burden 1 . This cardiovascular risk factor was first recognized in cohort studies 2 and later supported by clinical trials 3 . The vexing observation made by epidemiological studies in hemodialysis patients suggest that low--not high-blood pressure is associated with all-cause mortality [4] [5] [6] [7] [8] [9] . On the basis of this reverse epidemiology paradox, some have cautioned against lowering blood pressure in patients with hypertension who are on long-term hemodialysis 8 .
In the last 5 years, several randomized trials have tested the notion whether antihypertensive therapy based on a variety of antihypertensive drugs including beta-blockers 10 , ACE inhibitors 11 and angiotensin receptor blockers 12, 13 and dihydropyridine calcium channel blockers 14, 15 can prevent cardiovascular events. However, these trials have been small and effect size estimates have sometimes crossed the hazard ratio of 1 to yield statistically insignificant results.
Another important issue that has become evident is that blood pressures obtained before and after dialysis which are most often used for medical decision making may be of limited value in determining the true blood pressure as measured by interdialytic ambulatory blood pressure monitoring 16 . Indeed, current studies often rely solely on blood pressures obtained in the dialysis unit [10] [11] [12] [13] . Since antihypertensive therapy on average lowers blood pressure in dialysis patients it may be better to examine the impact of antihypertensive therapy on outcomes rather than examining the extent of blood pressure lowering. Most patients who are treated with antihypertensive drugs have at least some degree of hypertension and in fact most studies deliberately, and rightly so, exclude patients with symptomatic hypotension or very low blood pressure [10] [11] [12] [13] . However, it is unclear whether the effect estimates may be influenced by inclusion of patients who are not hypertensive on hemodialysis as has been deliberately done in 3 studies [10] [11] [12] .
The goal of this systematic review was to determine the presence and the magnitude of benefit in treating hemodialysis patients with antihypertensive drugs.
Methods

Data Sources
We searched the Pubmed (Jan 1996 to Oct 2008) database and The Cochrane Central Register of Controlled Trials (3 rd Quarter 2008). The terms "hypertension" and "dialysis" were searched in the title, original title, abstract, MESH headings, heading words and keyword. The result was limited to randomized controlled trials using a highly sensitive filter 17 . A similar search was performed in EMBASE. To be included in this review, studies had to randomize hemodialysis patients to antihypertensive drugs regardless of the presence or absence of hypertension and reported cardiovascular and/or mortality outcomes. In addition to the above search, we manually reviewed references cited in the retrieved articles and review articles. We also searched the proceedings of the American Society of Nephrology and European Dialysis and Transplantation Association to retrieve unpublished studies.
All data was abstracted with a standardized data collection form. From each article included we abstracted the study design, year, number of included patients, age, cardiovascular event rate and death rate, and treatment characteristics, including the type of drug and duration of use.
Statistical Analysis
Hazard ratios recorded in the reports were log transformed. The standard error of these log hazard ratios were calculated from the 95% confidence intervals. Using the inverse of the standard error of these hazard ratios we pooled the hazard ratios between studies with a fixed effects model. For the sake of comparison, random effects models are also reported. We used Forest plots to visualize the extent of variation between studies and the I 2 statistic to quantify heterogeneity between studies. I 2 values which range from 0% to 100% describe the proportion of variation in prevalence estimates that is due to between study variation rather than due to sampling error 18 . We obtained the group-specific and overall I 2 as standard output of the metan program. We conducted a sensitivity analysis to test the influence of hypertension status (studies with hypertensive patients only vs those studies which also included those with normotension) using the metan command of Stata 10.1 (Stata Corp, College Station, TX). Publication bias was tested with an Egger's test 19 and the funnel plot 20 using metabias and metafunnel programs respectively in Stata. Using the metainf program, sensitivity analysis was carried out by excluding one trial at a time from pooled effects to determine whether any one study was particularly influential.
Results
A total of 195 studies were obtained from my search of which 6 studies in adults on hemodialysis were initially identified for this analysis [10] [11] [12] [13] [14] [15] . One study published in abstract form several years ago was not included in this meta-analysis given that despite positive results the study had not been published. However, inclusion of this study did not materially influence the outcome of this meta-analysis. The causes of exclusion are shown in Figure 1 .
The total number of hemodialysis subjects from all studies was 1202 and range of subjects per study was 80 to 397. The study characteristics are shown in Table 1 .
The hazard ratios for cardiovascular events from the individual studies ranged from 0.29 to 0.93 ( Figure 2 ). No study had a point estimate that suggested harm with treatment. The overall benefit of antihypertensive therapy had a combined hazard ratio of 0.69 (95% CI 0.56 to 0.84) using an inverse-weighted fixed effects model and 0.62 (95% CI 0.44 to 0.88) using a random effects model. There was substantial heterogeneity between studies with respect to outcomes (I 2 60.8%, p=0.037).
We also calculated the risk ratios for cardiovascular events from the individual studies which ranged from 0.35 to 1.15 ( Figure 3 ). Based on data provided by the senior author, one study had an unadjusted risk ratio estimate that suggested harm with treatment 11 . Takahashi et al at our request provided data on cardiovascular outcomes stratified by hypertension status, that is separately among 15 normotensive and 65 hypertensive patients. Among normotensives, 8 patients were allocated to control and 7 patients were allocated to candesartan groups. In patients without hypertension, 3/8 in the control group and 1/7 in the candesartan group experienced cardiovascular events (HR=0.288 [CI: 0.030-2.803], p=0.2834). In patients with hypertension, 14/29 in the control group and 6/36 in the candesartan group experienced cardiovascular events (HR=0.294 [0.112-0.766], p=0.0123).
The overall benefit of antihypertensive therapy had a combined unadjusted risk ratio of 0.70 (95% CI 0.59 to 0.84) using an inverse-weighted fixed effects model and 0.59 (95% CI 0.38 to 0.91) using a random effects model. There was substantial heterogeneity between studies with respect to outcomes (I 2 76.2%, p=0.001).
The heterogeneity in hazard ratios is not unexpected given the differing study designs and populations. The heterogeneous design of these studies is evident from examination of 10 also had substantial but uncertain number of normotensive patients. When studies were divided based on inclusion of normotensive subjects in the randomized group there was considerable heterogeneity noted between groups (p=0.006 for hazard ratio and p=0.029 for risk ratio of cardiovascular events but p>0.2 for all-cause mortality). Whereas the hypertensive only group had a pooled hazard ratio of 0.49 (95% CI 0.35 to 0.67), the "normotensive included" group had a pooled hazard ratio of 0.86 (95% CI 0.67 to 1.12) . Similarly the hypertensive group had a pooled risk ratio of cardiovascular events of 0.55 (95% CI 0.42 to 0.73), the "normotensive-included" group had a pooled risk ratio of 0.84(0.66 to 1.06).
There was moderate heterogeneity in all-cause mortality between trials (I 2 50.2%, p=0.09) but this was not explained (p>0.2 for group effect) by inclusion or exclusion of normotensive subjects ( Figure 4 ). All cause mortality was reduced significantly when calculated by the fixed effects model (risk ratio 0.79 (95% CI 0.65 to 0.96) but not when estimated by the random effects model (risk ratio 0.77 (95% CI 0.56 to 1.04). The Egger's publication bias plot showed bias with standardized effect size in hazard ratio of -4.04 (95% CI -8.20 to 0.11, p=0.05). The funnel plot indicates that studies which may have demonstrated increased hazards with low precision may not have been published (Figure 5 ).
Performing the meta-analysis after including the unpublished study 15 did not materially alter the results. Sensitivity analysis to detect undue influence of any one study did not reveal the presence of any such evidence.
Discussion
In patients on hemodialysis cohort studies have nearly universally noted an increased risk of mortality with low or declining blood pressure thus calling into question the wisdom of lowering blood pressure in hemodialysis patients 4, [6] [7] [8] . More recently Tentori et al reported that achieving the guideline recommended targets in hemodialysis patients was associated with increased mortality 21 . However, some studies have suggested benefit of blood pressure lowering on longer-term follow up 22 which suggests that the instantaneous hazard of mortality may vary with time in this complex group of patients 23 . However, most studies noted above did not distinguish between the benefits of deliberate lowering of blood pressure with antihypertensive drugs versus spontaneous lowering due to intercurrent illnesses 9, 24 . Thus, the true benefit or risk of blood pressure lowering is uncertain in this group of patients.
Randomized controlled trials are the gold-standard to establish cause and effect relationships. However, when addressing the issue of hypertension in hemodialysis patients, these trials are small and often underpowered. Pooling these estimates may therefore yield insights that may offer evidence for controlling hypertension in this population with very high cardiovascular mortality. This meta-analysis pooled the results of 5 published to yield effect estimates that suggest benefit of blood pressure lowering. Repeating the meta-analysis after including the 1 unpublished trial 15 did not materially change the results.
The major finding of this meta-analysis is that the overall benefit of antihypertensive therapy compared to control (or placebo) group reduced the combined hazard ratio for cardiovascular events by 31% using a fixed effects model and by 38% using a random effects model. There was substantial heterogeneity between studies with respect to outcomes (I 2 60.8%, p=0.037). However, when studies were divided based on inclusion of normotensive subjects in the randomized group it explained most of between study variance. Heterogeneity between normotensive and hypertensive groups was highly statistically significant (p=0.006). Whereas the hypertensive group had a pooled hazard ratio of 0.49 (95% CI 0.35 to 0.67), the normotensive group had a pooled hazard ratio of 0.86 (95% CI 0.67 to 1.12). In fact, even allcause mortality, an outcome most commonly measured in the observational studies, was not increased with treatment.
The two studies which included normotensive patients had quite different study design compared to those that included only hypertensive patients. The study of Cice et al included symptomatic patients with dilated cardiomyopathy on hemodialysis to address the question whether exposure to carvedilol would reduce echocardiographic left ventricular dimensions at one year; the cardiovascular event rate was a secondary end-point 10 . The study of Zannad et al also included those patients who did not become hypotensive on receiving lisinopril between 5 to 20 mg during a run-in period prior to double-blind randomization 11 . Thus, the question Zannad et al addressed was whether high risk hemodialysis patients with left ventricular hypertrophy would benefit from ACE inhibition. Takahasi et al at our request, provided data stratified by hypertension status. Our meta-analysis raises the question that patients with hypertension on hemodialysis may benefit from blood pressure lowering unlike what is suggested by observational studies.
Drugs blocking the renin angiotensin system may have benefits beyond blood pressure lowering. Similarly, beta-blockers may have cardioprotective effects besides their effects on blood pressure lowering. Whether the benefits of the antihypertensive drugs used in hemodialysis patients were due to their blood pressure lowering effects or due to nonhemodynamic actions is difficult to ascertain because blood pressure was not carefully assessed by ambulatory or home blood pressure monitoring in any of the studies reported. Similarly, the definition of normotensive and hypertensive categories were as reported by the authors and not by rigorous assessment of interdialytic blood pressures.
A limitation of this meta-analysis is the presence of publication bias. As can be seen from the funnel plot (and supported by the Eggers test), low precision studies with effect estimates that did not show benefit were notably missing. This limitation can be overcome by designing well powered and executed randomized trials. The trials discussed in this review did not specifically target a lower blood pressure. Although lowering of blood pressure was seen in many trials we do not know the level to which blood pressure should be lowered to in hemodialysis patients. None of these trials utilized out-of-dialysis unit blood pressure monitoring which may be better to evaluate the extent of blood pressure lowering 16, 25 . Whether the outcome benefits observed in this meta-analysis was due to blood pressure lowering or some non-hemodynamic effects of these drugs is also unclear. This meta-analysis suggests that the presence or absence of hypertension should be considered in designing future randomized trials. Given the limited number of studies, one cannot be certain whether normotensive patients will not derive benefits of antihypertensive therapy should a large trial be performed.
Perspective
The results of this meta-analysis may have therapeutic implications since patients with hypertension and hemodialysis may not be treated based on current observational studies. Our meta-analysis suggests that these concerns may be misplaced. When therapy is based blood pressures before and after hemodialysis treatment, it is possible that patients may be suboptimally untreated or treated too aggressively. A simple yet effective strategy and one supported by the American Heart Association is to monitor home blood pressures to assess blood pressure control 26 . Home blood pressure monitoring can improve achievement of blood pressure targets 27 , have been directly-not inversely-associated with hard outcomes in hemodialysis patients 28 and in a clinical trial in hemodialysis patients associated with improved blood pressure control 29 . Unfortunately, none of the randomized antihypertensive trials discussed in this review have utilized ambulatory or home blood pressure guided antihypertensive therapy. Future trials that utilize out-of-dialysis unit blood pressure monitoring to direct antihypertensive therapy may better demonstrate the benefit of lowering blood pressure in this high-risk population. The assessment of left ventricular mass and function will further refine cardiovascular risk assessment and the management of hypertension. Till these trials are done, collective evidence from randomized trials suggests that hypertension should be treated among hypertensive patients on hemodialysis. Inclusion and exclusion diagram for articles finally selected for meta-analysis Forest plot shows the hazard ratios of antihypertensive therapy on cardiovascular events. When studies were divided based on inclusion of normotensive subjects, it was found that those studies that included normotensive subjects did not consistently demonstrate cardiovascular protection, whereas those which included only hypertensive subjects provided significant protection. The test for interaction based on the grouping variable of presence or absence of normotension was significant (p=0.004). There was still significant heterogeneity between studies in hypertensive hemodialysis patients only. This may be due to study design. For example Takahashi et al studied primary prevention, whereas Suzuki and Tepel did not exclude patients with prior cardiovascular events. Forest plot shows the risk ratios of antihypertensive therapy on cardiovascular events. When studies were divided based on inclusion of normotensive subjects, it was found that those studies that included normotensive subjects did not consistently demonstrate cardiovascular protection, whereas those which included only hypertensive subjects provided significant protection. The test for interaction based on the grouping variable of presence or absence of normotension was significant (p=0.037). The heterogeneity between studies that included normotensive subjects may be due to study designs: Cice et al study was conducted in hemodialysis patients with dilated cardiomyopathy whereas Zannad et al study was conducted in hemodialysis patients with left ventricular hypertrophy and excluded patients with symptomatic heart failure. Forest plot shows the risk ratios of antihypertensive therapy on all-cause mortality. The test for interaction based on the grouping variable of presence or absence of normotension was not significant (p>0.2). Risk ratio for all-cause mortality was moderately heterogeneous but showed protection with antihypertensive therapy with the fixed effects model only. Funnel plot with pseudo 95% confidence intervals. Studies with low precision and high hazard ratios may have not have been published. The Egger's test showed evidence of publication bias. Table 1 Characteristics of studies included in the meta analysis NA not available.
